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Available online 17 November 2010Vitamin A is important for both development and maintenance of adult brain homeostasis.
However, excessive vitamin A exposure has been linked to cognitive impairments and may
induce congenital defects, including neuronal malformations. Recently, we demonstrated
that vitamin A supplementation is able to alter behavioral parameters and induce a pro-
oxidant state in hippocampus and striatum of adult male rat. Thus, the aim of the present
work was to investigate the effects of vitamin A supplementation in pregnant and nursing
rats on maternal and offspring striatum and hippocampus. Wistar female rats (7 per group)
were orally supplemented with retinyl palmitate (2500, 12,500 and 25,000 IU/kg/day) or
saline (control) throughout pregnancy and nursing. Homing test was performed at postnatal
days (PND) 5 and 10 for offspring, while open field test (OFT) was carried out at PND19 and 20
for dams and offspring, respectively. Redox parameters were evaluated at PND21 for both.
Vitamin A supplementation during pregnancy and nursing increased superoxide
dismutase/catalase (SOD/CAT) ratio and oxidative damage in maternal and offspring
striatum and hippocampus. Additionally, supplementation induced behavioral alterations.
In conclusion, we suggest some caution regarding vitamin A intake during pregnancy and
breastfeeding, since oxidative stress can disturb several biological phenomena, including
neuronal signaling and neurotransmission, which may induce several behavioral deficits.
© 2010 Elsevier B.V. Open access under the Elsevier OA license.Keywords:
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Vitamin A performs important roles in both development and
maintenance of adult vertebrate brain homeostasis (De Luca,
1991; Lane and Bailey, 2005; McCafferry et al., 2005). Insuffi-
cient vitamin A availability during prenatal life may impair
embryonic segmentation and growth, and also stop vascular-
ization process (Maden et al., 1996; Wellik and DeLuca, 1995;
White et al., 2000). Throughout adulthood, vitamin A remains
to be important to other central nervous system (CNS)-related
functions, for instance learning and memory (Chiang et al.,
1998; Cocco et al., 2002). Furthermore, vitaminA and its related
retinoids easily penetrate into blood–brain barrier, and
mammalian CNS contains the molecular apparatus responsi-
ble for the production and maintenance of all-trans-retinoic
acid in neurons, through retinal dehydrogenases and cellular
retinoid binding proteins action (Duester, 2000; MacDonald et
al., 1990; Zetterström et al., 1999). Thus, the CNS is able to
transport and metabolize retinoid molecules and may rapidly
increase their concentrations.
Moreover, strong evidences suggest that over 75% of people
in developed nations may routinely ingest vitamin A above
the recommended dietary allowance (Penniston and Tanumi-
hardjo, 2006). Additionally, in some countries, like United
States of America (USA), about 5% take a vitamin A supple-
ment while 25% of adults ingest supplements containing
vitamin A (Rothman et al., 1995). Lastly, vitamin A has been
largely consumed as a prescription drug in retinoid therapies
with demonstrated efficacy, such as in several dermatological
conditions and cancer treatment/chemoprevention, especial-
ly in acute promyelocytic leukemia (Moise et al., 2007; Napoli,
1999).
The potential excessive vitamin A intake may induce a
serious threat to the brain development and vitamin A
homeostasis, since it has long been demonstrated to be
teratogenic in many natural and synthetic preparations and
induce a spectrum of congenital defects similar to that of
vitamin A deficiency, including neuronal malformations
(Adams, 1993; Cohlan, 1953; Collins and Mao, 1999). Addition-
ally, excessive vitamin A intake has been linked to several
CNS-associated disturbances, including headache, pseudotu-
mor cerebri and confusion, as well as cognitive impairments,
such as irritability, anxiety and depression (Fenaux et al., 2001;
Allen and Haskell, 2002; Myhre et al., 2003). On the other hand,
vitamin A supplementation, like retinyl palmitate in doses as
high as 10,000 IU/daily (200 IU/kg/Day), seems to be safe by
many authors to fertile women, at any time during pregnancy,
independently of their vitamin A status, and others suggest
higher levels of safety (Dolk et al., 1999; IVACG, 1998; Ross et
al., 2000). According to this contradictory data, retinoid
research in pregnancy is of great value to truly elucidate this
confused panel.
Furthermore, vitamin A is also a redox-activemolecule and
has been demonstrated to play a potential pro-oxidant effect
in concentrations slightly above the physiologic levels in
different in vitro experimentalmodels (Moreira et al., 1997; Dal-
Pizzol et al., 2001; Frota et al., 2004; Zanotto-Filho et al., 2008).
Pro-oxidant effects of vitamin A treatment include increased
lipid peroxidation, protein carbonylation, DNA damage andmodified activity of antioxidant enzymes in cultured Sertoli
cells (Dal-Pizzol et al., 2000, 2001). Recently, we have shown
that vitamin A supplementation at clinical doses induced a
pro-oxidant state in different rat brain regions like the
hippocampus, striatum, and frontal cortex (De Oliveira and
Moreira, 2007; De Oliveira et al., 2007a,b, 2008). Interestingly,
vitamin A treatment also increased reception of advanced
glycation endproducts immunocontent in rat cerebral cortex
(Dal-Pizzol et al., 2000). Moreover, vitamin A supplementation
induced anxiety-like behavior and decreased both locomotory
and exploratory activities in adultmaleWistar rats under a 28-
day treatment (De Oliveira et al., 2007a,b, 2008). According to
the previously reported works from our group and others, the
best recommendation is caution when vitamin A supplemen-
tation is the choice in treating human.
Oxidative stress may result from an overload of oxidants,
particularly reactive oxygen species (ROS) and reactive nitro-
gen species (RNS), and when the cells' antioxidant defense
system is unable to counteract uncontrolled oxidation dis-
rupts cell structures and functions. In addition, oxyradicals are
suggested to be involved in several pathological conditions,
including neurodegenerative diseases, like Alzheimer's dis-
ease (AD) and Parkinson's disease (PD) (Halliwell, 2006;
Halliwell and Gutteridge, 1999).
Moreover, vitamin A metabolism is essential to maintain
striatal function and for adult hippocampal neurogenesis,
which seems to be regulated, at least in part, by retinoids
(Valdenaire et al., 1998; Zetterström et al., 1999; McCaffery and
Dräger, 1994; Samad et al., 1997; Krezel et al., 1998; Takahashi
et al., 1999; Wang and Liu, 2005). Additionally, the hippocam-
pus is also involved in mood disorders, such as anxiety and
depression, and vitamin A is also known to participate in
locomotory and exploratory behavior (Bannerman et al., 2003,
2004; Deacon and Rawlins, 2005; File et al., 2000).
Therefore, based on previous reports indicating a proox-
idant role of vitamin A in a variety of experimental models, we
have decided to investigate in the present work if the vitamin
A supplementation is also able to exert its described proox-
idant effects in maternal and offspring rat striatum and
hippocampus. Additionally, behavioral parameters evaluation
was also targeted.2. Results
2.1. Reproductive data
No treatment-related clinical symptoms of toxicity were
found in mothers throughout the treatment period. One of
the mothers at 12,500 IU/kg/day was euthanized on lactation
day 4 because it became moribund. Their pups died due to
deterioration of maternal condition. The examination of the
moribund female and her litter showed no treatment-related
abnormality. No gross malformations were observed in pups
at post natal day (PND) 0. Incidences of gross lesions were not
found during necropsy in dams and pups of the retinyl
palmitate-treated groups. Body weight gain in gestation or
lactation, gestation length, delivery index, the number of pups
delivered, the number of implants and the sex ratio of the
litters in retinyl palmitate-treated groups showed no
Table 1 – Reproductive data.
Retinyl palmitate (IU/kg/day)
0 (control) 2500 12,500 25,000
No. of dams 7 7 7 7
Gestation weight
gain (%)
16.8±4.1 15.5±3.1 17.2±3.4 18.1±3.8
Lactation weight
gain (%)
12.4±2.6 15.4±6.1 14.6±6.2 15.4±3.1
Gestation
length (days)
21 21 21 21
No. of implantations 9.5±1.7 10.5±3.3 10.7±1.5 8.6±2.6
Delivery index (%) 97.2±5.6 88.2±17.3 70.8±25.5 83.3±18.9
No. of pups delivered 9.3±1.9 9±2.8 7.5±2.5 7±2.5
Sex ratio of pups 0.464 0.404 0.538 0.541
Viability index (%)
Day 0 95.3±5.6 95.9±6.9 95.8±10.2 96.2±8.9
Day 7 89.2±9.2 91.8±9.3 69.3±40.6 98.2±4.1
Day 14 97.7±4.6 98.3±4.1 95±10 98±4.5
Day 21 95±10 98.6±3.4 97.2±5.6 97.8±5
Pup weight (g)
Day 0 5.9±0.4 6.0±0.4 5.7±0.8 6.4±0.5
Day 7 11.5±1.7 11.4±1.5 10.6±0.6 12.5±1.5
Day 14 17±3.5 20.5±2.8 18.4±0.1 22.3±3.9
Day 21 30.2±4.6 32.5±3.3 30.9±4.1 34.9±4.8
Gestation weight gain (%)=[(weight on PND0−weight on GD0)/
weight on GD0)]×100.
Lactation weight gain (%)= [(weight on PND21−weight on PND0) /
weight on PND0)]×100.
Delivery index (%)=(no. of pups delivered/no. of implantations)×100.
Sex ratio of pups=no. of male pups/total no. of pups.
Viability index on postnatal day 0 (%)=(no. of live pups delivered/total
no. of pups delivered)×100.
Viability index on postnatal day 7 (%)=(no. of live pups on postnatal
day 7/no. of live pups delivered)×100.
Viability index on postnatal day 14 (%)=(no. of live pups on postnatal
day 14/no. of live pups on postnatal day 7 after cull)×100.
Viability index on postnatal day 21 (%)=(no. of live pups on postnatal
day 21/no. of live pups on postnatal day 14 after cull)×100.
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exhibited no treatment-related clinical symptoms. Litter data
revealed that the viability index on PND7 decreased slightly in
the 12,500 IU/kg/day group, although no treatment-related
reduction in body weights was observed. This was due to the
loss of a whole litter as described before.Table 2 – Proportion ofmale and female pupswith correct and in
Retinyl p
0 (control) 2500
Correct Incorrect Correct Incorr
PND5
Males 6/24 (25) 18/24 (75) 6/18 (33) 12/18 (
Females 6/21 (29) 15/21 (71) 12/27 (44) 15/27 (
PND10
Males 21/24 (83) 4/24 (17) 16/18 (89) 2/18 (
Females 17/21 (81) 4/21 (19) 23/27 (85) 4/27 (
Data are presented as proportions between the number of successful
parenthesis).2.2. Behavior tasks
2.2.1. Homing test
Offspring of retinyl palmitate treated dams showed no
significant alteration in the frequency of correct and incorrect
performance on homing test in PND5 and PND10 (Table 2). On
the other hand, the time spent over the homing area in
offspring of treated dams on PND5 increased at all doses when
compared to offspring of control dams (according to two-way
ANOVA the exposure to retinyl palmitate affect the result,
F[3,48]=24.62, p<0.0001) (Fig. 1A). However, on PND10 there was
no difference between male offspring from retinyl palmitate
treated dams and control dams; but, in female offspring
palmitate supplementation spent less time over the homing
area at 25,000 IU/kg/day (F[3,48]=5.342, p=0.0029) (Fig. 1B).
Additionally, male offspring spent more time in homing area
at 2500 and 25,000 IU/kg/day when compared to female
offspring on PND5 (according to two-way ANOVA the sex
difference affect the result, F[1,48]=25.31, p<0.0001 and one-
way ANOVA with Tukey's post hoc comparisons showed
detailed differences) and on PND10 only at 25,000 IU/kg/day
(F[1,48]=33.07, p<0.0001).
2.2.2. Open field test
Retinyl palmitate treated dams showed significant alterations
on open field test (OFT) scores (Fig. 2). The number of crossings
decreased in treated dams at 25,000 IU/kg/day (according to
two-way ANOVA the exposure to retinyl palmitate affect the
result, F[3,24]=3.618, p=0.0276) (Fig. 2A), but the number of
center entries and rearings did not change (Figs. 2B and C,
respectively). The number of groomings decreased in treated
dams at 12,500 IU/kg/day (F[3,24]=4.104, p=0.0174) (Fig. 2D). The
number of freezings also increased in treated dams at
12,500 IU/kg/day (F[3,24]=3.022, p=0.0494) (Fig. 2E). However,
the number of fecal boli did not change at all doses (Fig. 2F).
Offspring of retinyl palmitate treated dams also showed
significant alterations on OFT scores (Fig. 3). The number of
crossings decreased in male treated offspring at 12,500 and
25,000 IU/kg/day (according to two-way ANOVA the exposure
to retinyl palmitate affect the result, F[3,48]=5.098, p=0.0038),
but not in females (Fig. 3A). The number of center entries
decreased in both treated offspring sex at all doses (F[3,48]=
11.81, p<0.0001) (Fig. 3B). The number of rearings decreased in
treated males at 12,500 and 25,000 IU/kg/day (F[3,48]=6.520,correct performance in the homing test on PND5 and PND10.
almitate (IU/kg/day)
12,500 25,000
ect Correct Incorrect Correct Incorrect
67) 6/26 (23) 20/26 (77) 12/27 (44) 15/27 (56)
56) 2/16 (12) 14/16 (88) 10/25 (40) 15/25 (60)
11) 20/26 (77) 6/26 (23) 21/27 (78) 6/27 (22)
15) 10/14 (71) 4/14 (29) 16/23 (70) 7/23 (30)
or unsuccessful pups per total offspring tested (percentage off in
Fig. 1 – Homing test at postnatal days (PND) 5 and 10. The
time spent over the homing area in PND5 (A) and 10 (B) was
analyzed in both male and female pups from control and
retinyl palmitate treated dams. Each animal was monitored
for 3 min in homing test apparatus and results are expressed
as percentual of the total time spent in both areas. Data are
presented as mean±S.E.M. (n=7 litters per group).**P≤0.01
when different from control group. ***P≤0.001 when different
from control group. #p≤0.05 when males different from
females at the same dose.
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treated males at 12,500 and 25,000 IU/kg/day (F[3,48]=4.708,
p=0.0058), but in females decreased only at 25,000 IU/kg/day
(Fig. 3D). The number of freezings increased in both treated
offspring sex at 25,000 IU/kg/day (F[3,48] =8.755, p<0.0001)
(Fig. 3E), but the number of fecal boli did not change at all
doses (Fig. 3F).
2.3. Biochemical results
2.3.1. Maternal striatum
Striatum of retinyl palmitate treated dams showed significant
alterations on the redox parameters analyzed (Table 3).
Catalase (CAT) activity decreased in treated dams at 12,500
and 25,000 IU/kg/day (F[3,24]=3.478, p=0.0316), but superoxide
dismutase (SOD) activity did not change at all doses. However,
SOD/CAT ratio increased at 25,000 IU/kg/day (F[3,24]=3.373,
p=0.0349). Glutathione-S-transferase (GST) activity increased
in treated dams at 12,500 and 25,000 IU/kg/day (F[3,24]=5.756,
p=0.0041), but total reactive antioxidant potential (TRAP) and
reduced thiol content did not change at all retinyl palmitate
treated dams. Lipoperoxidation increased in treated dams at
25,000 IU/kg/day (F[3,24]=26.75, p<0.0001) while protein car-bonylation increased at 12,500 and 25,000 IU/kg/day (F[3,24]=
6.544, p=0.0022).
2.3.2. Maternal hippocampus
Hippocampus of retinyl palmitate treated dams also showed
significant alterations on the redox parameters analyzed
(Table 3). CAT activity and SOD activity did not change at all
doses, but SOD/CAT ratio increased at 25,000 IU/kg/day (F[3,24]=
3.106, p=0.0484). GST activity and TRAP did not change at all
doses, but total reduced thiol content decreased at 12,500 and
25,000 IU/kg/day (F[3,24]=4.377, p=0.0136). Lipoperoxidation
increased only at 25,000 IU/kg/day (F[3,24]=3.517, p=0.0304)
and protein carbonylation increased at 12,500 and 25,000 IU/
kg/day (F[3,24]=5.508, p=0.0050).
2.3.3. Offspring striatum
Striatum of offsprings from retinyl palmitate treated dams
showed significant alterations on the redox parameters
analyzed (Table 4). CAT activity decreased in treated males
at 12,500 and 25,000 IU/kg/day (according to two-way ANOVA
the exposure to retinyl palmitate affect the result, F[3,48]=6.171,
p=0.0012), but SOD activity did not change in both sexes at all
doses. SOD/CAT ratio increased only in males at 25,000 IU/kg/
day (F[3,48]=2.934, p=0.0427) and GST activity increased in
treated males at 2500 and 25,000 IU/kg/day, but increased in
females only at 25,000 IU/kg/day (F[3,48]=11.92, p<0.0001).
TRAP decreased in both sexes at 12,500 and 25,000 IU/kg/day
(F[3,48]=11.24, p=0.0001). Total reduced thiol content decreased
only for males at 25,000 IU/kg/day (F[3,48]=3.124, p=0.0344) and
lipoperoxidation increased in both sexes at the same dose
(F[3,48]=8.970, p=0.0001). Protein carbonylation increased in
males at 2500 and 25,000 IU/kg/day, but only in females at
25,000 IU/kg/day (F[3,48]=5.008, p=0.0039).
2.3.4. Offspring hippocampus
Hippocampi of offsprings from retinyl palmitate treated dams
showedsignificant alterationson the redoxparameters analyzed
(Table 5). CAT activity decreased in both sexes at all retinyl
palmitate doses (according to two-way ANOVA the exposure to
retinyl palmitate affect the result, F[3,48]=15.57, p<0.0001), but
SODactivity didnot change at all doses. SOD/CAT ratio increased
in males at all retinyl palmitate doses, but only increased in
females at 12,500 and 25,000 IU/kg/day (F[3,48]=11.98, p<0.0001).
GST activity did not change at all doses. TRAP and total reduced
thiol content did not change. Lipoperoxidation increased in both
sexes at all retinyl palmitate doses (F[3,48]=16.34, p<0.0001), but
protein carbonylation only increased at 12,500 IU/kg/day in
males and 25,000 IU/kg/day in females (F[3,48]=5.056, p=0.0040).3. Discussion
Vitamin A exerts important roles in both development and the
adult brain, but excessive vitamin A intakemay be teratogenic
in humans (De Luca, 1991; Lane and Bailey, 2005; McCaferry
et al., 2005). Although the evidence of such effects for retinyl
palmitate supplementation in humans is limited, there is a
growing concern about the safety of retinyl palmitate supple-
mentation during pregnancy and breastfeeding (Dolk et al.,
Fig. 2 –Maternal open field test. The number of total crossings (A), the number of visits to the center of arena (B), the number of
rearings (C), the number of groomings (D), the number of freezings (E), and the number of fecal boli (F) were analyzed in control
and retinyl palmitate treated rats. The open field test was performed at postnatal day 19. Each animal wasmonitored for 5 min
in open field apparatus. Data are presented as mean±S.E.M. (n=7 per group). *P≤0.05 when different from control group.
**P≤0.01 when different from control group.
64 B R A I N R E S E A R C H 1 3 6 9 ( 2 0 1 1 ) 6 0 – 7 31999; IVACG, 1998; Miller et al., 1998; Mills et al., 1997; Ross et
al., 2000). In general, human data regarding retinyl palmitate
supplementation effects during pregnancy and breastfeeding
aremostly in observational and epidemiological studies based
in morphological endpoints. However, biochemical changes
inducedbyprenatal insults that lead to physiological deficits of
organ function may not always be accompanied by detectable
anatomical abnormalities (Lau and Rogers, 2004).
Hence, in the last few decades, considerable attention has
been drawn to functional teratology, an extension beyond the
investigation of morphological examinations to include the
evaluations of functional integrity of organ systems. In this
work we have proposed an evaluation of the functional
integrity in organs system of mothers and their offspring by
redox evaluation of several enzymatic and non-enzymatic
parameters. The redox profile is important because ROS are
generated in cells by several pathways and there has been
much speculation regarding the role of free radicals during
development (Allen and Balin, 1989; Hitchler and Domann,
2007). According to the free radical theory of development, it is
the influence of the balance between the production and
removal of ROS/RNS (Hitchler and Domann, 2007).
We show in the present work, for the first time, vitamin A
supplementation at 2500, 12,500 and 25,000 IU/kg/day during
pregnancy and nursing to rats inducing a prooxidant state in
maternal and offspring hippocampus and striatum. In addition,
behavioral alterations were also observed in the homing and
open field tests. These doses were used in order to evaluate theeffects of equivalent doses to those stated as safe for humans
during pregnancy and breastfeeding upon dams and their
offspring. Additionally, the doses investigated in this work are
all lower than 163,000 IU/kg/day, the lowest observed adverse
effect level (LOAEL) of retinyl palmitate in rats, established in
segment II developmental toxicity testing (Ritchie et al., 1998).
The brain is sensitive to oxidative stress due to its high
content of peroxidizable fatty acids and relative decreased
antioxidant defenses (Halliwell and Gutteridge, 1999). Clearly,
in maternal striatum and hippocampus, lipid peroxidation
occurred when dams received retinyl palmitate supplemen-
tation. In addition, protein carbonylation also increased in
these maternal tissues and was present at lower doses then
lipid peroxidation, as did decreased protein thiol content in
the hippocampus. These molecular changes could indicate an
increased vulnerability of nigral proteins to the oxidative
insult induced in this experimental model. In offspring
striatum and hippocampus, retinyl palmitate supplementa-
tion also increased lipid peroxidation and protein carbonyla-
tion; however, reduced thiol content was found only in male
offspring striatum.
Increased lipoperoxidation, protein carbonylation levels, and
decreased total thiol content make it easier for intra- and inter-
molecular cross-links of proteins, which in turn induce confor-
mational changes leading to increased hydrophobicity and
aggregation (Goetz and Gerlach, 2004). Furthermore, these
oxidative alterations on proteins favor the formation of protein
aggregates, inducing generalized cellular dysfunction (Mattson
Fig. 3 – Offspring open field test. The number of total crossings (A), the number of visits to the center of arena (B), the number of
rearings (C), the number of groomings (D), the number of freezings (E), and the number of fecal boli (F) were analyzed in control and
retinyl palmitate treated pups for both male and female offspring. The open field test was performed at postnatal day 20. Each
animalwasmonitored for 5 min in open field apparatus. Data are presented asmean±S.E.M. (n=7 litters per group). *P≤0.05when
different from control group. **P≤0.01 when different from control group. ***P≤0.001 when different from control group.
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proteins might result in increased free iron, favoring the
maintenance of the prooxidative state (Keyer and Imlay, 1996).
In addition, total reduced thiol content presents an
important intracellular nonenzymatic defense in the CNS,
mainly by the action of glutathionemolecules. In this way, the
observed reduction on reduced thiol content in the present
work indicates a possible decrease on reduced glutathione,
given the prooxidant circumstances imposed by vitamin A
supplementation. Another possibility is the action of a
detoxifying system, such as GST, which needs GSH to
conjugate with xenobiotics, eliminating them from the cell
(Fang et al., 2002). Indeed, GST activity increased in maternal
and offspring striatum of retinyl palmitate treated animals.There is an indication of oxidative activation of this enzyme
that also detoxifies endogenous electrophiles, which are
usually the consequence of free-radical damage and may be
an important participant in the mechanism of free-radical
damage repair (Aniya et al., 1993; Ketterer and Meyer, 1989;
Wu et al., 2004). Additionally, we also found a decreased TRAP
in the retinyl palmitate treated animals in these same tissues.
The total reactive antioxidant potential is representative of
the non-enzymatic capability of the tissue in preventing
oxidative damage. A wide range of molecules, including uric
acid, vitamin E, vitamin C and also glutathione, are active free-
radical scavengers (Halliwell, 1996).
In this work we also found modulated antioxidant enzyme
activity in maternal and offspring hippocampus and striatum,
Table 3 – Effects of retinyl palmitate treatment during pregnancy and nursing upon maternal redox parameters.
Retinyl palmitate (IU/kg/day)
0 (control) 2500 12,500 25,000
No of dams examined 7 7 7 7
Striatum
CAT activity (U CAT/mg protein) 1.40±0.11 1.24±0.24 1.11±0.21 ⁎ 1.13±0.19 ⁎
SOD activity (U SOD/mg protein) 13.55±1.68 13.82±1.15 13.94±1.31 15.36±1.15
SOD/CAT ratio (arbitrary units) 9.76±1.79 11.51±2.28 13.09±3.22 14.04±3.22 ⁎
GST activity (nmol/min mg protein) 65.35±7.63 85.93±19.37 88.39±21.87 ⁎ 100.27±10.61 ⁎
TRAP (arbitrary units) 0.0102±0.001 0.0092±0.001 0.0085±0.001 0.0080±0.001
Total thiol content (mmol SH/mg protein) 67.07±7.94 58.03±8.04 56.49±8.48 55.56±7.89 ⁎
TBARS level (nmol MDA/mg protein) 1.11±0.17 1.19±0.15 1.18±0.25 1.91±0.19 ⁎
Carbonyl level (nmol carbonyl/mg protein) 0.4935±0.04 0.5139±0.05 0.6116±0.07 ⁎ 0.6027±0.07 ⁎
Hippocampus
CAT activity (U CAT/mg protein) 1.42±0.36 1.13±0.31 1.07±0.29 0.98±0.33
SOD activity (U SOD/mg protein) 12.82±1.29 13.89±1.97 14.27±1.92 14.35±1.66
SOD/CAT ratio (arbitrary units) 9.57±2.87 11.25±2.26 12.81±3.56 14.62±3.59 ⁎
GST activity (nmol/min mg protein) 69.35±4.01 65.45±6.92 67.54±6.08 70.79±16.14
TRAP (arbitrary units) 0.0102±0.002 0.0101±0.001 0.0091±0.001 0.0092±0.002
Total thiol content (mmol SH/mg protein) 77.62±7.01 72.29±4.47 68.15±7.02 ⁎ 66.83±5.73 ⁎
TBARS level (nmol MDA/mg protein) 1.36±0.14 1.48±0.20 1.59±0.16 1.66±0.21 ⁎
Carbonyl level (nmol carbonyl/mg protein) 0.2699±0.03 0.2743±0.03 0.3321±0.06 ⁎ 0.3461±0.05 ⁎
Data are presented as mean±S.E.M. (n=7 per group).
⁎ P≤0.05 when different from control group.
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in excess during vitamin A supplementation. Vitamin A
supplementation increased SOD activity inmaternal striatum,
offspring hippocampus, and inmale offspring striatum, whichTable 4 – Effects of retinyl palmitate treatment during pregnanc
0 (control) 2
No of litters examined 7
CAT activity (U CAT/mg protein)
Male 1.43±0.18 1.1
Female 1.36±0.17 1.1
SOD activity (U SOD/mg protein)
Male 14.23±1.39 14.3
Female 15.70±1.45 15.3
SOD/CAT ratio (arbitrary units)
Male 10.13±1.99 12.7
Female 11.71±2.05 13.3
GST activity (nmol/min mg protein)
Male 33.55±6.71 43.9
Female 37.13±5.14 43.6
TRAP (arbitrary units)
Male 0.0103±0.002 0.008
Female 0.0112±0.002 0.008
Total thiol content (mmol SH/mg protein)
Male 64.25±9.55 58.8
Female 64.07±11.01 60.6
TBARS level (nmol MDA/mg protein)
Male 1.46±0.19 1.6
Female 1.55±0.23 1.6
Carbonyl level (nmol carbonyl/mg protein)
Male 0.4918±0.04 0.583
Female 0.4532±0.06 0.527
Data are presented as mean±S.E.M. (n=7 per group).
⁎ P≤0.05 when different from control group.may indicate increased superoxide radical (•O2−) production,
since it is the major SOD allosteric activator (Halliwell and
Gutteridge, 1999). Furthermore, we found decreased CAT
activity in the same tissues. Increased •O2− may allostericallyy and nursing upon offspring striatum redox parameters.
Retinyl palmitate (IU/kg/day)
500 12,500 25,000
7 7 7
8±0.24 1.16±0.14 ⁎ 0.99±0.13 ⁎
8±0.17 1.19±0.28 1.17±0.26
8±2.08 14.83±2.87 15.51±2.43
7±2.52 13.56±2.54 14.47±2.37
9±3.77 12.94±2.76 16.01±3.94 ⁎
8±3.51 11.95±3.29 13.12±4.27
3±8.05 ⁎ 41.80±7.93 50.80±7.01 ⁎
7±8.52 42.77±5.26 51.23±6.35 ⁎
8±0.001 0.0067±0.001 ⁎ 0.0072±0.002 ⁎
5±0.002 0.0080±0.002 ⁎ 0.0078±0.002 ⁎
8±9.81 54.25±5.33 52.79±8.50 ⁎
4±8.82 56.82±10.13 57.43±7.34
8±0.19 1.63±0.33 1.96±0.32 ⁎
1±0.42 1.61±0.27 2.08±0.21 ⁎
8±0.05 ⁎ 0.5312±0.06 0.5747±0.05 ⁎
6±0.06 0.5194±0.09 0.5422±0.09 ⁎
Table 5 – Effects of retinyl palmitate treatment during pregnancy and nursing upon offspring hippocampus redox
parameters.
Retinyl palmitate (IU/kg/day)
0 (control) 2500 12,500 25,000
No of litters examined 7 7 7 7
CAT activity (U CAT/mg protein)
Male 1.75±0.18 1.11±0.30 ⁎ 1.14±0.43 ⁎ 1.02±0.32 ⁎
Female 1.59±0.28 1.18±0.28 ⁎ 1.09±0.34 ⁎ 0.85±0.16 ⁎
SOD activity (U SOD/mg protein)
Male 16.37±1.76 17.67±1.75 16.82±1.49 18.09±1.29
Female 16.56±2.07 17.12±1.95 17.69±1.83 17.67±1.29
SOD/CAT ratio (arbitrary units)
Male 9.47±1.62 17.03±5.16 ⁎ 18.93±3.89 ⁎ 17.04±3.09 ⁎
Female 10.84±3.01 15.67±5.89 17.92±6.43 ⁎ 21.34±4.22 ⁎
GST activity (nmol/min mg protein)
Male 42.26±8.12 56.20±11.65 50.69±10.31 53.34±10.89
Female 46.69±11.61 51.62±9.42 53.52±12.97 52.77±15.41
TRAP (arbitrary units)
Male 0.0103±0.001 0.0101±0.002 0.0105±0.003 0.0110±0.003
Female 0.0101±0.001 0.0105±0.003 0.0101±0.002 0.0088±0.001
Total thiol content (mmol SH/mg protein)
Male 52.54±10.80 47.15±4.59 44.67±6.77 44.28±7.52
Female 50.96±4.68 48.43±11.55 46.03±6.06 45.31±4.66
TBARS level (nmol MDA/mg protein)
Male 1.46±0.23 1.82±0.17 ⁎ 1.84±0.17 ⁎ 1.98±0.20 ⁎
Female 1.51±0.23 1.79±0.16 ⁎ 1.99±0.24 ⁎ 1.91±0.14 ⁎
Carbonyl level (nmol carbonyl/mg protein)
Male 0.3406±0.03 0.3672±0.04 0.4032±0.05 ⁎ 0.3998±0.04
Female 0.3407±0.08 0.3376±0.04 0.3811±0.04 0.4030±0.05 ⁎
Data are presented as mean±S.E.M. (n=7 per group).
⁎ P≤0.05 when different from control group.
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Fridovich, 1982; Shimizu et al., 1984). In truth, vitamin A is
known to increase •O2− production, as previously demonstrat-
ed (Murata and Kawanishi, 2000; Klamt et al., 2005).
These enzymatic modulations yielded an increase in the
SOD/CAT ratio after vitamin A supplementation in almost all
tissues analyzed. As a consequence of increased SOD/CAT ratio,
hydrogen peroxide (H2O2) availability might be increased, since
SODmetabolizes •O2− to H2O2, but CAT converts H2O2 towater at
lower rates. Since H2O2 via the Fenton reaction is a source of
hydroxyl radical (•OH) generation, the most powerful proox-
idant molecule, this indicates a prooxidant state in all CNS
tissues (Halliwell, 2006). Thus, impaired SOD/CAT is very likely
to culminate in increased oxidative damage to biomolecules.
Therefore, our hypothesis is that the imbalance in SOD/CAT
ratio can be from a product of the vitamin A supplementation-
dependent oxidative alterations observed in this work.
Herein,we showthat vitaminAsupplementationatdifferent
doses during pregnancy and nursing is effective in inducing a
behavioral disturbance in dams and their offspring in the
homing test and OFT. Previously, we have demonstrated that
vitamin A supplementation induced anxiety, since rats' explor-
atoryactivitydiminished in theOFTapparatus (DeOliveiraet al.,
2007b). In addition, vitamin A (mainly as retinyl palmitate) is
also shown to induce human behavioral alterations, such as
irritability, fatigue, depression, and anxiety (Myhre et al., 2003).
The identification of the mother is critical for survival and
development ofmammals. Infant rats rapidly learn to identify,orient, approach andprefer thematernal odor naturallywithin
the nest (Sullivan et al., 1989; Leon, 1992; McLean et al., 1999;
Roth and Sullivan, 2005). In rats, the molecular basis of infant
olfactory learning involves a complex chain of events (Langdon
et al., 1997; Nakamura et al., 1987; Rangel and Leon, 1995;
Sullivan and Wilson, 2003). In this work we observed that
female rats from retinyl palmitate-treated offspring displayed
increased time spent over the homing area at PND5, but
decreased at PND10 in the homing test. The immature brain at
PND5 seems to bemore vulnerable to the prooxidative insult of
retinyl palmitate supplementation probably due to its larger
proportion of sensitive immature cells (Ikonomidou and
Kaindl, 2010). Additionally, the maternal preference in males
appears to be more resistant to environmental intervention
than in females.As shownbyPND10nobehavioral effectswere
observed for males, but females showed effects at the higher
dose at the same time.Moreover, the highermaternal behavior
usually demonstrated by themale pups instead of female pups
may account for the differences observed in the homing test
(Melniczek and Ward, 1994; Moore et al., 1997). The effect of
gender could also be attributed to differences in sexual
hormones, but further investigation is needed to clarify the
nature of observed sexual effect in this test.
Additionally, vitamin A supplementation reduced rearings
and center entries in the OFT, and we also found a reduced
number of crossings in male offspring. Furthermore, the
treatment reduced grooming, but increased freezing scores
in offspring of both sexes. Vitamin A supplementation also
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at 12,500 IU/kg/day reduced grooming and increased freezing
scores. These alterations indicate a decreased exploratory
activity in retinyl palmitate treated offspring and a decreased
locomotory activity in dams andmale offspring. However, this
was not due a gross motor alteration, since the animals
walked normally without presenting muscular weakness or
tremor. In addition, these results suggest an anxiety-like
behavior in vitamin A treated dams and offspring, which
seems to be a preliminary step to depression in several
experimental models, which has also been observed in
humans (Burroughs and French, 2007).
The linking betweenoxidative stress andbehavioral changes
has been extensively investigated in various animal models.
Oxidative stress plays an important role in the development of
cognitive impairment in sepsis (Cassol-Jr et al., 2010). Antioxi-
dant therapy with N-acetylcisteine and desferroxamine, as an
additive to chloroquine, prevented cognitive impairment, con-
firming the importance of oxidative stress in cerebral malaria-
associated cognitive sequellae (Reis et al., 2010). Hyperactivity in
the amphetamine model of mania in rats also has been shown
to be linked to oxidative stress (Steckert et al., 2010). Moreover,
oxidative stress is believed to contribute to cognitive and
behavioral deficits after ischemia, anoxia, carbon monoxide
poisoning, traumatic brain injury, and in Alzheimer's disease
(Dal-Pizzol et al., 2010). Finally, recent studies (including our
own) have shown direct involvement of oxidative stress with
anxiety-like behavior and with locomotory/exploratory deficit
in rodents (Salim et al., 2010; Hovatta et al., 2005; Gingrich, 2005;
Masood et al., 2008; Souza et al., 2007; Bouayed et al., 2007; de
Oliveira et al., 2007). However, the linking between oxidative
stress and behavioral changes found in this work remains to be
elucidated by further investigation.
In summary, our data suggest that vitamin A supplemen-
tation during pregnancy and nursing was able to modify
striatal and hippocampal redox parameters and the subse-
quent behavior in rats. Notably, the doses administrated in
this work were approximately equivalent to presumed doses
safe for humans during pregnancy and breastfeeding. Unfor-
tunately, it is still difficult to indicate the vitamin Ametabolite
responsible for the observed effects, given the vast number of
vitamin A existingmetabolites (Barua and Olson, 1986; Buck et
al., 1991, 1993; Derguini et al., 1995; Idres et al., 2002; Napoli,
1999). Also, case reports of vitamin A toxicity have shown
serum retinol concentrations within normal limits (Croquet et
al., 2000; Ellis et al., 1986; Mills and Tanumihardjo, 2006),
indicating that serum retinol is not a goodmeasure of vitamin
A status during toxicity.
In conclusion, we suggest some caution regarding the use
of vitamin A during pregnancy and breastfeeding; especially,
in vitamin supplementation or fortified foods. This oxidative
stress is able to disturb several biological phenomena,
including neuronal signaling and neurotransmission, which
may induce several behavioral deficits. Additionally, exposure
to stress early in life can induce an increased vulnerability to
mood disorders later in life (Heim and Nemeroff et al., 2001;
Sanchez et al., 2001). Indeed, the origin of many adult diseases
such as depression, anxiety, or impulse control disorders, can
be found in infancy (Kaffman and Meaney, 2007; Swain et al.,
2007).4. Experimental procedures
All experiments were conducted in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH publication number 80-23 revised
1996). Our research protocol was approved by the Ethical
Committee for animal experimentation of the Federal Univer-
sity of Rio Grande do Sul.
4.1. Animal and housing conditions
Maleand femaleWistar rats (Rattus novergicus) fromourbreeding
colony were used in the present study. The animals were caged
in groups of five animals with free access to water and standard
commercial food (CR1 lab chow, Nuvilab, Curitiba, Brazil) and
were kept on a 12 h light–dark cycle (7:00–19:00 h) at 23±1 °C.
These conditionsweremaintained throughout the experiments.
The nulliparous females, with 90 days and 200–250 g, were daily
checked for their estrous cyclicity for 2 weeks, by direct vaginal
smear examination in light microscope, before mating. There-
after the femaleswere selected in their sexual receptive phase of
the estrous cycle (proestrous) and caged overnight with a single
mature male (1F:1M). In the morning, the presence of a vaginal
plugand/or viable spermshown inavaginal smearwas regarded
as successfulmating. Thedaywhicha vaginal plugwasdetected
and/or the presence of sperm in the vaginal smear was
designated as gestation day 0 (GD0). The dams were allowed to
litter naturally and thedate of birthwasdefinedas postnatal day
0 (PND0).
4.2. Treatment
The pregnant females were randomly divided into 4 groups of
treatment: control, 2500, 12,500 and 25,000 IU/kg/day of retinol
palmitate (Arovit®; awater-soluble formof vitamin). Treatment
was orally performed, with a metallic gastric tube (gavage) in a
maximum volume of 0.5 mL. Control group received NaCl 0.9%.
The rats were treated once a day for the entire period of
gestation and nursing (21 days of gestation and 21 days of
nursing). They were always treated at night in order to ensure
maximum vitamin A absorption, since it is better absorbed
during or after ameal. Each female and its litter were separated
into a cage at parturition and maintained according to condi-
tions described earlier.
4.3. Chemicals
Arovit® (retinol palmitate, a commercial water-soluble form of
vitamin A) was purchased from Roche, Rio de Janeiro, RJ, Brazil.
All other chemicals were purchased from Sigma, St. Louis, MO,
USA. Vitamin A administration solutions were prepared daily,
protected from light exposure and temperature.
4.4. Reproductive data
All female rats were observed for clinical symptoms of toxicity
andmortality once a day throughout the study. Bodyweights of
the damswere assessed on GDs 0, 7, 14 and 20 and lactant days
(LDs) 0, 7, 14 and 21, and body weight gain was calculated. Rats
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simply examined. On PND0, pups of both sexes were counted,
weighed and checked for the presence of external malforma-
tionsand/or stillbirths.During thenursingperiod, thepupswere
examined daily for clinical signs andmortality. Litter sizeswere
determined on PND0. Litters were weighed on PNDs 0, 7, 14 and
20, and body weight gain was calculated. Viability indexes of
pupswerecalculated ineach litteronPNDs0, 7, 14and21.Andat
terminal necropsy, females were confirmed for pregnancy by
counting the number of implantation sites in uterine horns.
4.5. Behavior tasks
The behavioral tasks were always performed between 10 a.m.
and 4 p.m. (i.e., during the light phase) in specifically designed
behavioral facilities illuminated with bright light from two, 40-
W fluorescent overhead lights each. The homing test was
performed for all offspring (males and females pups) at PND5
and PND10. The OPT was performed for all dams at PND19 and
their offspring at PND20.
4.5.1. Homing test
The homing test exploits the strong tendency of the immature
pup to maintain body contact with the dam and the siblings,
which requires adequate sensory (olfactory) and motor skills
as well as the associative and discriminative skills that allow
the pup recognize the mother's odor among others (Bignami,
1996). The homing test apparatus is a plastic cage with
similar 23structure to housing cages (34 cm length×24 cm
height×40 cm width) and is divided in a half by a 2-cm wide
neutral zone running the cage's length. Into each area, 300 mL
of fresh or nest bedding is placed in adjacent corners. All the
pups were gently placed on the division between the areas
over home (nest bedding) and clean bedding. The animals
were observed for 3 min and if they entered the home area
with all 4 paws the test was counted as correct. If the animal
did not enter the homing area the test was marked as
incorrect. Correct tests were also measured for the time
spent over fresh and homing area (Adams et al., 1985;
Schlumpf et al., 1989). Time spent over home area was
expressed as percentual of the total time spent in both
areas. Following each test, the cage was cleaned with 30%
ethanol to remove trace odors.
4.5.2. Open field test
One of the most traditional and widely used methods for the
assessment of the locomotive and explorative behavior as well
as the emotional state in rodents is the OFT, which plays many
varieties (Tobach, 1969; Prut and Belzung, 2003). Because it is a
relatively simple technique and gives quantitative information
on a broad range of responses, it has been frequently used in
teratologic studies (Cagiano et al., 1990; Di Giovanni et al., 1993).
The OFT apparatus consists of a circular arena surrounded by
40-cm high walls. Two black circumferences divide its white
floor into 3 concentric circles, with diameters of 20 cm, 50 cm,
and 80 cm. Several radial lines cross the outer circles dividing
them into sixteen equal cells in the periphery, eight in the
medial circle, and four in the center. All the animalswere gently
placed in the periphery of the arena to freely explore it for 5 min.
Then, they returned to their home cages. The number ofcrossings, center entries, rearings, groomings, freezing and
fecal boli was registered. Following each test, the cage was
cleaned with 30% ethanol to remove trace odors.
4.6. Tissue extraction and sample preparation
The animals were euthanized by decapitation 24 h after the last
treatment. Maternal and offspring hippocampi and striatum
were immediately dissected out in ice and stored at −80 °C for
later biochemical analyses. All tissues were homogenized in
1mM phosphate buffer (pH 7.0) and centrifuged (3000 ×g, 5 min)
to remove cellular debris. Supernatants were used for all
biochemical assays described. All the results were normalized
by the protein content using bovine albumin as standard (Lowry
et al., 1951).
4.7. Redox profile in CNS structures
4.7.1. Lipid peroxidation
The formation of thiobarbituric acid reactive species (TBARS)
was quantified by an acid-heating reaction with thiobarbituric
acid. It is a widely adopted parameter for measure oxidative
damage on lipids, as previously described by Draper and
Hadley (1990). The samples were mixed with 0.6 mL of 10%
trichloroacetic acid (TCA) and centrifuged (10,000×g 10 min).
Supernatant was mixed with 0.5 mL of 0.67% thiobarbituric
acid and heated in a boilingwater bath for 25 min. TBARSwere
determined by the absorbance in a spectrophotometer at
532 nm. Results were expressed as nmol TBARS/mg protein.
4.7.2. Protein carbonylation
The formation of carbonyl groups was used as a parameter for
oxidative damage to proteins, based on the reaction with
dinitrophenylhidrazine (DNPH), as previously described by
Levine et al. (1990). Proteins were precipitated by the addition
of 20% TCA and re-solubilized in DNPH. Then, the absorbance
was read in a spectrophotometer at 370 nm. Results were
expressed as nmol carbonyl/mg protein.
4.7.3. Total thiol content
The total thiol content in its reduced form was measured as an
estimative of redox status, since it is present in proteins as well
as glutathionemolecules, and is played as an intracellular redox
buffer. As previously described by Ellman (1959), an aliquot of
the sample was diluted in SDS 0.1%. Then, was added 0.01 M
5,5dithiobis-2-nitrobenzoic acid in ethanol. The intense yellow
colorwas developed and read in a spectrophotometer at 412 nm
after 60min. Results were expressed as nmol SH/mg protein.
4.7.4. Total reactive antioxidant potential
The total reactive antioxidant potential (TRAP) was used as an
index of non-enzymatic antioxidant capacity. As previously
described by Lissi et al. (1992), this assay is based on the
peroxyl radical (generated by AAPH solution, 2,2azobis[2-
amidinopropane], with luminol) quenching by sample com-
pounds. Sample addition decreases the luminescence propor-
tionately to its antioxidant potential. The results were
transformed in percentual and the area under the curve
(AUC) was quantified as described by Dresch et al. (2009) by
using GraphPad Software (San Diego, CA, USA— version 5.00).
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which is higher with lower AUC values, and is lower with
higher AUC values. Therefore, we express the results as the
inverse value (1/AUC) to make it easier to comprehend.
4.7.5. Antioxidant enzyme activities
The activities of two important antioxidant enzymes were
analyzed: catalase (CAT) and superoxide dismutase (SOD).
CAT (EC 1.11.1.6; CAT) activity was evaluated by observing the
rate of decrease in hydrogen peroxide (H2O2) absorbance in a
spectrophotometer at 240 nm. SOD (EC 1.15.1.1, SOD) activity
was assessed by quantifying the inhibition of superoxide-
dependent adrenaline auto-oxidation in a spectrophotometer
at 480 nm (Aebi, 1984; Misra and Fridovich, 1972). CAT activity
is expressed as units CAT/mg protein and SOD activity as
Units SOD/mg protein. To better understand the effect of
vitamin A supplementation upon these free radical-detoxify-
ing enzymes we applied a ratio between SOD and CAT
activities (SOD/CAT), two enzymes that work in sequence to
reduce the superoxide anion to water.
4.7.6. Glutathione-S-transferase activity
Glutathione S-transferase (GST, E.C. 2.5.1.18) activity was
determined spectrophotometrically at 340 nm by measuring
the formation of the conjugate of GSH (glutathione) with CDNB
(chloro-dinitro benzene) as previously described by Habig and
Jakoby (1981). Enzyme activity was determined by mixing
buffer GSH 20 mM with the sample. The reaction started by
CDNB 20 mM addition was carried out at 30 °C, and monitored
spectrophotometrically for 3 min. Corrections of the sponta-
neous reaction were made by measuring and subtracting the
rate in the absence of enzyme. Results are expressed as nmol
of CDNB conjugated with glutathione/min/mg protein.
4.8. Statistical analysis
Body weights, body weight gains, gestation length, numbers of
implants and pups delivered, delivery index and viability
indices of pups were analyzed by the one-way analysis of
variance (ANOVA) to determine if any statistical differences
existed among the groups. If the ANOVApresented a significant
result, Dunnett's test was performed to detect any significant
differences between the treated groups and their corresponding
controls. The litter was used as a unit for statistical evaluation
for the data of bodyweights and viability index of pups. The sex
ratios of pups were analyzed by Chi2 test.
Differences in OFT scores and biochemical parameters in
hippocampi and striatum between control and retinyl palmi-
tate treated dams were determined with one-way ANOVA. For
post-hoc comparisons, the Duncan's test was conducted. The
number of correct and incorrect performances in the homing
test was compared among groups using a Chi2 test. A two-way
(ANOVA), with drug exposure and sex difference as factors,
was used to analyze differences in the time spent over the
homing area, differences in OFT scores and biochemical
parameters in offspring hippocampus and striatum. For
post-hoc comparisons, the Bonferroni test was conducted
when exposure factor was significantly and one-way ANOVA
with Tukey's post hoc comparisons when sex difference was
significantly different among groups. For the time spent overthe homing area, OFT scores and biochemical analysis the
litter was used as a unit for statistical evaluation with
distinction between males and females.
Both behavioral and biochemical results are expressed as
means±standard error of the mean (S.E.M.); differences were
considered significant when p≤0.05. All analyses were per-
formed by using the Statistical Package for the Social Sciences
(SPSS Inc., Chicago, IL, USA — SPSS version 15.0) software, and
GraphPad Prism (GraphPad Software Inc., SanDiego, CA, USA—
version 4.02) software.Acknowledgments
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